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ABSTRACT 
In the  mast cell,  a  well-developed  array of microtubules  is centered  around  the 
centrioles. Complete loss of microtubules is observed when mast cells are treated 
with  10  -5  M  colchicine  for  4  h  at  37~  The  loss  of ultrastructurally  evident 
microtubules is associated with a  marked change in the shape of mast cells from 
spheroids to highly irregular, frequently elongated forms with eccentric nuclei. In 
colchicine-treated cells the association of nucleus, Golgi apparatus,  and centrioles 
is also lost. 
Mast  cells  exposed  to  10  -~  M  colchicine  for 4  h  at  37~  retain  80%  of their 
capacity  to  release  histamine  when  stimulated  by  polymyxin  B.  Exocytosis  is 
evident  in  stimulated  cells  pretreated  with  colchicine  and  lacking  identifiable 
microtubules.  When  the  conditions  of exposure  of mast  cells  to  colchicine  are 
varied with respect to the concentration of colchicine, the length of exposure, and 
the temperature  of exposure, dissociation between deformation of cell shape and 
inhibition  of histamine  secretion  is  observed.  These  observations  indicate  that 
microtubules  are  not  essential  for  mast  cell  histamine  release  and  bring  into 
question  the  assumption  that  the  inhibitory  effect  of  colchicine  on  mast  cell 
secretion  depends on interference  with microtubule integrity. 
Lacy and co-workers in  1968 (15) observed that 
colchicine inhibited insulin secretion and proposed 
that microtubules were involved in cell secretion. 
Since then,  a substantial number of reports have 
corroborated the inhibition of secretion by colchi- 
cine and other agents which depolymerize micro- 
tubules  (3,  5, 6,  10,  14,  18, 21-23,  33, 35, 38, 
43).  Supportive evidence has in some cases been 
provided  by  experiments  in  which  cells  are  ex- 
posed to DzO, a microtubule-stabilizing agent (22, 
33).  However, not all  experimental  results have 
been consistent with a universal microtubular role 
in secretion (2, 4, 12, 20, 24, 36, 37, 41). 
The mast cell is a charter member of the group 
of cells whose secretory activity has been reported 
to be inhibited by colchicine and vinblastine  and 
potentiated  by heavy water  (7).  The  concentra- 
tions of spindle poisons required to diminish mast 
cell  secretion  50%  or  more  have  been  notably 
high (7, 26, 40), and the state of mast cell micro- 
tubules  after  treatment  with  the  agents  has  not 
been studied.  We have  undertaken  a  correlative 
study of the effect of colchicine on mast cell ultra- 
structure and histamine secretion as part of a study 
of the role of microtubules in the mast cell secre- 
tory process. 
MATERIALS  AND  METHODS 
Animals used in this study were male CF rats, 300-500 
g, obtained from Charles River Inc. as specific  pathogen- 
free.  Other  than isolation from other  rat  colonies, no 
special precautions were taken to maintain the pathogen- 
free state. Cells were obtained from the peritoneal cavi- 
ties  of  rats  as  previously  described (17).  Peritoneal 
washes from several animals were pooled and aliquots 
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constituted between 2% and 5% of the total cells. Incu- 
bations were routinely performed in balanced salt solu- 
tion  (BSS)  (Na2HPO4,  4.0  mM;  KHzPO4,  2.7  raM; 
NaCI, 150 mM; KCI, 2.7 raM; CaCI2, 0.9 mM; pH 7.2), 
containing 1 part in 200 of 35% bovine serum albumin 
(Pathocyte 4, Miles Laboratories, Inc., Kankakee, Ill.). 
A  stock solution of 0.1 M colchicine (Aldrich Chemical 
Co., Milwaukee, Wis.) was prepared daily in BSS. In all 
experiments cells were routinely incubated in BSS under 
the  same conditions with and  without colchicine. De- 
granulation  was  induced  by  the  addition  of  2  /~g/ml 
polymyxin B  sulfate  (Sigma Chemical Co.,  St.  Louis, 
Mo.) for 5 min (16). To avoid the interference of colchi- 
cine  with the  histamine assay  (19),  cells  were  usually 
washed free of eolchicine before adding polymyxin B. 
The wash and brief period of incubation in the absence 
of colchicine did not change either the number of cells 
exhibiting modified  forms  or  the  inhibitory effects of 
coichicine on  histamine release  at  10  -a  M  or  10  -5  M 
colchicine. 
Cells were routinely fixed for electron microscopy by 
adding an equal volume of 4% glutaraldehyde in caco- 
dylate buffer to the cells suspended  in BSS.  The cells 
were promptly centrifuged and resuspended in 2% glu- 
taraldehyde  in  0.1  M  cacodylate  buffer for 2  h.  The 
preparation of cells for electron microscopy has been 
described in detail (16). Briefly, cells were fixed for 2 h, 
washed in buffer,  and centrifuged, and the pellet was 
embedded in agar. Small bits of agar were then embed- 
ded  in Epon.  Thin sections were  stained with uranyl 
acetate and lead hydroxide and examined in a JEOL-100 
electron microscope. 
Changes  in  cell  shape  produced  by  treatment  with 
colchicine were also studied by light microscopy of cell 
suspensions. Cells suspended in BSS were fixed by add- 
ing an equal volume of absolute methanol and mixing 
thoroughly for 1 min. Another volume of 0.05% tolui- 
dine blue in 70% ethanol adjusted to pH 2.5 with glacial 
acetic acid was then added. Staining time in this solution 
was not critical. Differential counts of normal and abnor- 
mal  mast cell forms and degranulated mast cells were 
performed on wet mounts of the stained suspensions at a 
magnification of 400. Mast cells were identified as ab- 
normal when the nucleus was located at the periphery of 
an elongated cell, so that at least one-third of the nucleus 
was free of overlying granules, or if marked constrictions 
and lobulations were evident in the overall shape of the 
cell. Loss of the normally smooth periphery of a mast cell 
with  assumption  of  a  mulberry-like  appearance  was 
taken as evidence of degranulation (39). 
Since the effects of colchicine treatment on mast cell 
form were obvious in electron micrographs, it was diffi- 
cult to evaluate microtubule status in an unbiased fash- 
ion. An attempt was made to obtain an impartial analy- 
sis.  36 micrographs of control cells and nine of colchi- 
cine-treated cells (105  M  for 4  h  at 37~  in which a 
centriole or obvious satellite bodies were present were 
selected for analysis. The only other criteria for selection 
were magnification greater than 20,000 and reasonable 
focus.  The micrographs were  thoroughly shuffled, and 
two  experienced  electron  microscopists  unassociated 
with the study were asked to identify those micrographs 
in which microtubules were  present in  mast  cells and 
those in which no microtubules were evident. The proba- 
bility  that  there  was  no  difference  between  the  two 
groups of micrographs with respect to microtubules was 
evaluated by the chi-square test. 
Histamine was determined in supernates and cell pel- 
lets by a modification of the o-phthalaldehyde fluoromet- 
tic method  03).  Supernates and PCA extracts of cell 
pellets were assayed directly. The mean total histamine 
in 10  e mast cells was 21 /zg with a standard deviation for 
the mean of -+7 /zg. 
RESULTS 
Normal Mast Cells:  Light and 
Electron Microscopy 
The normal rat mast cell in suspension is sphe- 
roidal  or  slightly ovoid  with  a  more  or  less  cen- 
trally located nucleus and numerous stubby ridges 
distributed irregularly  over the  cell  surface.  Spe- 
cific  granules  surrounded  by  perigranule  mem- 
branes fill much of the cytoplasmic volume.  The 
Golgi apparatus and paired centrioles are typically 
located near one another, close to the nucleus and 
frequently in a  concavity of a  nucleus (Figs.  1-3, 
6).  Small  strands  of  endoplasmic  reticulum, 
largely rough suriaced, are distributed through the 
intergranule  cytoplasm.  Microtubules  are  seen 
most frequently radiating from the periphery of a 
centriole  where  the  microtubules  are  associated 
with  the  pericentriolar  satellites  (Figs.  2-4,  6). 
Microtubules  variously  take  an  outward  course 
from the centrioles toward the plasma membrane 
(Figs.  3,  5,  6)  or  an  inward  course  toward  the 
nucleus  (Figs.  1,  2,  6).  Both  in  the  perinuclear 
region and at the periphery of the cell, longitudi- 
nal  and  cross  sections  of  tubules  are  evident. 
While  microtubules  approach  the  nuclear  mem- 
brane through a  range  of angles from  90  ~ to  the 
very  acute  (Figs.  1,  2,  6),  microtubules  as  they 
approach to the plasma membrane tend to assume 
a course parallel to the plasma membrane (Fig. 5). 
Microtubules do not extend into the surface ridges 
(Fig.  5).  Microtubules can be seen very close  to, 
perhaps attached to the nuclear envelope (Fig. 6). 
No micrographs of close approach of microtubules 
to  the  plasma  membrane  were  obtained  in  this 
study. 
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present. Numerous microtubules (arrows) are evident close to the nucleus (N).  ￿  46,700. 
184 Effects of Colchicine on Mast Cells: Light 
and Electron Microscopy 
Mast cells treated in vitro for 4 h at 37~  with 
10  -5 M colchicine consistently lose their spherical 
form, become elongated, and assume quite bizarre 
forms  with  constrictions and irregular protuber- 
ances (Figs. 7 and 8). Associated with the change 
in shape, the nucleus shifts from the center to the 
periphery of the cell. By electron microscopy, the 
eccentrically displaced nucleus is seen typically to 
be covered over its outer edge  by a  thin rim of 
cytoplasm.  The  centrioles  and  Golgi  apparatus 
lose their typical association with the nucleus and 
with one another (Figs. 9-13). Microtubules are 
nowhere  evident in  the  coichicine-treated cells, 
specifically  in the vicinity of the centrioles (Figs. 
9-13). The surface ridges appear normal in size 
and  number,  neither  retracting  nor  enlarging. 
Large  irregular  protrusions or  pseudopods  and 
marked constrictions in the  cytoplasmic mass of 
the cells  produce a variety of unusual cell forms 
(Fig. 14). 
The reliability of our identification of the loss of 
microtubules from mast cells exposed for 4  h  to 
10 -5 M colchicine was established by having two 
electron microscopists who were not involved in 
the experiments evaluate a randomized set of elec- 
tron micrographs of treated and control cells  in 
which  a  centriole or  obvious satellite body  was 
present (Table I). 
Histamine Secretion in  Colchicine-Treated 
Mast Cells 
At 10  -5 M colchicine for 4  h at 37~  there is 
20%  •  4%  inhibition of  secretion  (Table  II). 
Direct observation by light microscopy indicates 
that cells deformed by the action of 10 -5 M colchi- 
cine are able to secrete their granules. 200 mast 
cells exposed to 10 -5 M colchicine for 4 h at 37~ 
and then polymyxin B, 2  p.g/ml for 5 min, were 
evaluated by light microscopy for colchicine defor- 
mation and degranulation induced by polymyxin 
B.  80%  of  mast  cells  exhibited  morphologic 
changes attributable to  the  action of colchicine, 
and  89%  of  these  colchicine-modified cells  re- 
sponded to polymyxin B  with secretion; 85%  of 
the  control cells  showed  evidence of degranula- 
tion.  Most  mast  cells  in  which  no  microtubules 
were identifiable by electron microscopy after in- 
cubation in 10 -5 M  colchicine for 4.h and some 
which were incubated in 10 -3 M colchicine for the 
same time were clearly capable of secretory activ- 
ity (Figs. 15, 16) when exposed to polymyxin B. 
In order to further determine the  relationship 
between  the  induction of  morphologic  changes 
and the inhibition of histamine release, the influ- 
ence on these two effects of varying the concentra- 
tion of colchicine (Fig. 17), the time of exposure 
to  colchicine (Fig.  18),  and the  temperature  of 
exposure  (Fig.  19)  was  examined.  In  each  in- 
stance, substantial discrepancies between the ef- 
fects  of colchicine on the two variables were ob- 
served. The effect of 10  -5 M  colchicine on mast 
cell secretion was independent of the concentra- 
tions of polymyxin B between 0.25  p.g/ml and 5 
p.g/ml (Table III). 
DISCUSSION 
The study of the effect of colchicine and related 
substances on mast cells was initiated by Padawer 
(27, 31). He described changes in peritoneal mast 
cells  after subcutaneous administration of colchi- 
cine (1.6  x  10 -7 mol/100 g body wt) identical to 
those we see with colchicine in an in vitro system. 
Padawer's studies antedated both the description 
of microtubules in interphase cells  and  the  evi- 
dence  that  colchicine caused  the  breakdown  of 
these microtubules as well as those of the mitotic 
spindle. An electron microscope study of the ef- 
fect of colchicine on mast cells  by Padawer (30) 
has been reported in an abstract, and our observa- 
tions in vitro are entirely consistent with his de- 
scription  of  the  disappearance  of  microtubules 
after in vivo administration of colchicine. 
Studies of the effects of colchicine, low temper- 
ature, and high pressure on a variety of cell types 
have supported the thesis of Porter (34) that mi- 
crotubules  serve  as  a  cytoskeleton  to  maintain 
intermitotic cell shape. Typically, loss of microtu- 
bules is associated with the conversion of an asym- 
metric cell to a symmetric form (11, 25, 32, 34). 
The effect  of colchicine on the mast cell provides 
an example of the  converse situation in which a 
spheroidal  cell  becomes  asymmetric.  Padawer 
(28), studying the mast cell, and Bhisey and Freed 
(1), the macrophage with time-lapse cinematogra- 
phy,  described  the  formation  of  large  ameboid 
protrusions from  the  cells  associated  with  mass 
movements of cytoplasmic contents. Similar shape 
changes have also been described in lymphocytes 
(42). Bhisey and Freed (1) proposed that the mass 
flow of cytoplasm is produced by cortical microfil- 
ament contraction in the absence of microtubules 
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Evaluation  of Microtubule  Status in Colchicine- 
Treated and  Untreated Mast Cells 
Absent microtubules 
Probability of null 
Observer  Colchieine treated  Control  ~  hypothesis 
I  9/9  0/36  43  <0.001 
II  9/9  5/36  24  <0.001 
9 electron micrograpbs of mast ceils exposed to 10  -5 M 
coichicine for 4  h at 37~  and 36 micrographs of mast 
cells not exposed  to colchicine were evaluated for the 
presence of microtubules as described in Materials and 
Methods. 
which  normally  oppose  or  limit the  effect  of de- 
forming  forces  generated  by  microfilament  con- 
traction.  Such  unchanneled  cortical  contraction 
would  also  satisfactorily  explain  the  abnormal 
forms  assumed  by  the  colchicine-treated  mast 
cells. 
Our observations on the distribution and course 
of microtubules through the normal mast cell con- 
firm Padawer's original description (29). The pat- 
tern of microtubules implicates the centriole as a 
key  element  of  the  microtubular  cytoskeleton. 
One group of tubules originating at the centriole 
appears to wrap around the nucleus and insert in 
the  nuclear  membrane;  another  major  group  of 
tubules radiates curvilinearly outward, perhaps to 
insert  tangentially  in  the  plasma  membrane  or 
alternatively to attach to a  subplasmalemmal  mi- 
crofilamentous  web.  Such  an  array  of  microtu- 
bules could maintain the overall spherical shape of 
the  cell  without  imparting  the  rigidity  expected 
from a  set of straight structural elements. 
Inhibition of histamine secretion from rat peri- 
toneal  mast  cells  by  coichicine  and  the  similarly 
acting  agents,  vinblastine  and  griseofulvin,  was 
reported  in  1968  by  Gillespie  et  al.  (7).  They 
observed  50%  inhibition  of  histamine  release 
stimulated with 48/80 after exposure to colchicine 
at 5  ￿  10 -4  M  for  3  h  at  37~  Somewhat  more 
effective inhibition of secretion induced  by poly- 
myxin  B  was  observed  with the same  concentra- 
tion  of colchicine. The  other agents  studied  also 
inhibited histamine  release  in  their experiments. 
Inhibition of histamine release  by colchicine and 
similarly acting agents has also been observed with 
human basophils (8, 9,  19). 
TABLE II 
Effect of Colchicine on Histamine  Release and Mast 
Cell Form 
Histamine release  Altered  cell form 
%  % 
Control  74 •  3  0 
Colchicine 10  -5 M  59 --- 4*  76.5  -+ 5.3 
Colchicine 10  -3 M  15  •  2~  75.7 --- 6.7 
Cells were  incubated for 4  h  in vitro at  37~  in BSS 
(control), 10  -5 M colchicine in BSS, or 10  -3 M colchicine 
in BSS. Mast cells were evaluated by light microscopy for 
alteration in form.  Histamine  release  was  determined 
after  adding  polymyxin  B,  2  /~g/ml  for  10  min.  The 
values  for  altered  forms  are  means  _  SE  from  four 
experiments in which at least 100 cells were counted in 
each experiment. The values for histamine release are 
the means •  SE of duplicate determinations in 12 exper- 
iments. 
* Mean difference of paired values was 14.4 •  3.0, with 
P  =  0.0003 by the paired t-test. 
:~ Mean difference of paired values was 58.7 •  2.7, with 
P  <  0.0001  by the paired t-test. 
FIGURE  2  Normal mast cell. A  microtubule (mt) radiates from a dense satellite body on the centriole 
(C).  x  27,800. 
FIGURE  3  A  centriole in a normal mast cell. The microtubules appear to insert into the satellite bodies 
(arrows).  ￿  48,000. 
FIGURE  4  Microtubules are clearly associated with the dense amorphous material of the satellite bodies 
(arrows).  x  52,000. 
FIGURE  5  Subplasmalemmal region of a  normal mast cell. One microtubule (mtl)  courses beneath the 
plasma membrane. Another microtubule (mt2) is located between two granules.  A  microridge (mr)  is 
evident, x  28,000. 
FIGURE  6  Cell center of a normal mast cell containing a centriole (C) and Golgi stacks (G). Occasional 
microtubules appear  to  terminate  at  the  outer  nuclear  membrane  (arrow).  A  few  cross  sections  of 
microtubules (circle) can also be seen. Microtubule termination at a satellite body (S) is evident, x  22,500. 
LAGUNOFF AND CHI  Effect of Colchicine on Rat Mast Cells  1117 FI6URE  7  A  mast cell treated with 10  -~ M colchicine in vitro for 4 h. The nucleus (N) is displaced to one 
end of the cell. An array of saccules suggestive of the Golgi apparatus (G) is present at the opposite pole of 
the cell from the nucleus.  ￿  16,500. 
188 FI6UaE  8  A  mast cell treated with 10  -8 M colchicine for 3 h in vitro at 370C. Small lobes of the displaced 
nucleus covered by a  thin layer of cytoplasm protrude from the main nuclear mass. x  18,000. 
LAOUNOFF AND Cm  Effect of Colchicine on Rat Mast Cells  189 FIGURES 9-13  Mast cells treated with 10  -s M colchicine for 4 h at 37~  In each instance, a centriole or 
portion of centriole is present, yet no microtubules are evident. The centrioles are clearly displaced from 
their usual  position in the central region of the cell to a peripheral site. Fig.  9,  x  28,000.  Fig.  10,  x 
30,000. Fig. 11,  x  33,000. Fig. 12: A pair of centrioles located beneath the cell membrane. Amorphous 
dense material obscures details of centriolar structure, x  26,000. Fig.  13,  ￿  35,000. 
In our experiments 10 -s M  colchicine for 4 h at 
37~  was effective in eliminating mast cell micro- 
tubules. By light microscope criteria, 80% of mast 
cells exhibited changes attributable to loss of mi- 
crotubules: nuclear displacement to the periphery 
and/or loss of their  spheroidal form.  Under the 
same conditions of colchicine treatment we were 
unable to identify microtubules in electron micro- 
190  THE  JOURNAL OF  CELL BIOLOGY" VOLUME 71,  1976 FIou~E  14  Mast celt treated with 10  -a M colchicine in vitro for 1 h at 37~C.  Elongation is particularly 
prominent in this cell. A  small mass of cytoplasm containing the nucleus appears, in this section, to be 
connected to the bulk of the cell by only a thin isthmus of cytoplasm. ￿  12,000. 
TABLE III 
Effect of Polymyxin B  Concentration on the Inhibitory  Effect of Colchicine 
Polymyxin B concentration 
2.0/~g/ml  1.0 ~g/ml  0.5 ~glml  0.25/~gjml 
%  %  %  % 
Histamine release 
Control  85, 80  76, 70  62, 47  40, 27 
Colchicine, 10  -5  70, 66  59, 62  48, 40  33, 22 
Inhibition  17, 16  23, 12  23, 14  19,  17 
Control cells and cells treated with colchicine, 10  -5 M  for 4 h at 37~  were exposed to varying concentrations of 
polymyxin B  for 5  min.  Percent histamine release values for two separate experiments are  means  of duplicate 
determinations corrected for spontaneous histamine release. 
graphs of mast cells, while in untreated mast cells 
prepared for examination at the same time, micro- 
tubules  were  found  consistently  in  the  region  of 
the  cell center.  In  order  to answer  the  objection 
that a  population of cells unaffected by colchicine 
was  responsible for  much of the persisting secre- 
tory  activity,  colchicine-treated  ceils  were  exam- 
ined by light microscopy for degranulation; it was 
observed  that  colchicine-deformed  cells  had  as 
high an incidence of degranulation as normal mast 
cells.  In  confirmation,  electron  micrographs 
showed  secretion by colchicine-deformed,  micro- 
tubule-free  mast  cells.  The  results demonstrating 
differences  between  the  conditions  required  for 
inhibition of histamine release and those required 
for  production  of  a  change  in  mast  cell  shape 
support the proposal that inhibition of secretion by 
colchicine  cannot  be  simply  attributable  to  the 
depolymerization of microtubules. This argument 
would be stronger if quantitative measurements of 
LAGUNOFF AND CHI  Effect of Colchicine on Rat Mast Cells  191 FIGURE 15  A  mast  cell  treated with  10  -s  M  colchicine for 4  h  at  37~  then treated with 2  /~g/ml 
polymyxin B  for  5  min.  The  characteristic pattern of degranulation is evident with a  few  completely 
discharged granules and several channels of varying size containing one or more granules in different stages 
of dissolution. ￿  14,000. 
the state of microtubules were to conlirm the mor- 
phologic evidence. 
Dissociation  of microtubule loss  and  inhibition 
of histamine release  induced  by colchicine  might 
be  the  consequence  of:  (a)  a  facilitatory  rather 
than an essential role of microtubules in mast cell 
secretion; (b) an effect of colchicine on a subpopu- 
lation  of  microtubules,  membrane-associated  for 
instance,  that is relatively resistant  to  colchicine, 
contributes little to maintenance of cell form, and 
is difficult  to  identify by  electron  microscopy;  or 
(c)  an action of colchicine  on a  mast  cell compo- 
192  THE  JOURNAL OF  CELL BIOLOGY" VOLUME 71,  1976 FIGURE  16  Mast cell treated with 10  -2 M colchicine for 3 h at 37~  then exposed to 2  ~g/ml polymyxin 
B for 5 rain. In spite of the colchicine-induced distortion of cell form, extensive granule secretion is evident. 
x  12,000. 
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FIGURE  17  Effect of colchicine concentration on hista- 
mine release and mast cell form. Cells were incubated for 
4  h  at  37~  in  varying concentrations of colchicine  in 
BSS. At least 100 cells were evaluated for form at each 
concentration. Cells were exposed to polymyxin B  2  ~g/ 
ml for  5  min. Values for percent histamine release  are 
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FIGURE  18  Effect of time of exposure to coichicine on 
histamine release  and  mast cell form.  Cells were  incu- 
bated for varying times at 37~  in colchicine, 10  -3 M. At 
least  100 cells were evaluated for form in two separate 
experiments. Values for percent histamine release in the 
presence of 2  t~g/ml polymyxin B for 5 min are means - 
SE for nine experiments. 
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FIGURE 19  Effect of temperature on histamine release 
and cell form. Cells were incubated in 10 -3 M colchicine 
for 4 h at varying temperatures. At least 100 cells were 
evaluated for form in two separate experiments. Values 
for percent histamine release in the presence of 2/zg/ml 
polymyxin B for 5 min are means -+ SE for four separate 
experiments. 
nent other than microtubules. Further studies will 
be required to distinguish among these possibili- 
ties. 
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